Homologous recombination (HR) and nonhomologous endjoining (NHEJ) are the two mechanisms responsible for repairing DNA double-strand breaks (DSBs) and act in either a collaborative or competitive manner in mammalian cells. DSB repaired by NHEJ may be more complicated than the simple joining of the ends of DSB, because, if nucleotides were lost, it would result in error-prone repair. This has led to the proposal that a subpathway of precise NHEJ exists that can repair DSBs with higher fidelity; this is supported by recent findings that the expression of the HR gene, BRCA1, is causally linked to in vitro and in vivo precise NHEJ activity. To further delineate this mechanism, the present study explored the connection between NHEJ and the cell-cycle checkpoint proteins, ataxia telangiectasia mutated (ATM) and checkpoint kinase 2 (Chk2), known to be involved in activating BRCA1, and tested the hypothesis that ATM and Chk2 promote precise end-joining by BRCA1. Support for this hypothesis came from the observations that (a) knockdown of ATM and Chk2 expression affected end-joining activity; (b) in BRCA1-defective cells, precise end-joining activity was not restored by a BRCA1 mutant lacking the site phosphorylated by Chk2 but was restored by wild-type BRCA1 or a mutant mimicking phosphorylation by Chk2; (c) Chk2 mutants lacking kinase activity or with a mutation at a site phosphorylated by ATM had a dominant negative effect on precise end-joining in BRCA1-expressing cells. These results suggest that the other two HR regulatory proteins, ATM and Chk2, act jointly to regulate the activity of BRCA1 in controlling the fidelity of DNA end-joining by precise NHEJ. (Cancer Res 2006; 66(3): 1391-400) 
Introduction
Double-strand breaks (DSBs) are extremely cytotoxic DNA lesions and cells have therefore developed a wide range of responses that lead to damage repair, thus preventing cell death. In cells, DSBs are repaired by two major pathways, nonhomologous end-joining (NHEJ) and homologous recombination (HR), which differ in their requirement for a homologous DNA template during repair. HR uses an intact duplex as the template, whereas NHEJ does not require a template. HR is therefore thought to make a greater contribution than NHEJ in the S and G 2 -M phases, because the sister chromatid is readily available, resulting in error-free repair (1) (2) (3) (4) . On the other hand, DSB repair in the G 0 -G 1 phase is mainly by NHEJ, originally thought to simply involve the direct ligation of DNA ends by a ligation complex, but which can result in errorprone repair by producing deletions or insertions. Despite this, in contrast to the predominant role of HR in Saccharomyces cerevisiae, NHEJ plays the predominant role under most conditions in mammalian cells (1, 5) . This is mainly because, in mammalian cells with a large and complex genome, searching for homologous sequences for precise DSB repair by HR does not seem to be efficient. Furthermore, because a significant proportion (f70%) of the genome in mammalian cells consists of extragenic sequences that do not code for amino acids, the trade-off between the use of NHEJ to repair DSBs, with the relatively minor cost of imprecise repair, and efficient DSB repair to avoid lethality caused by unrepaired damage, becomes acceptable. However, the tumorigenic contribution of genetic variants of NHEJ genes suggests that the story is not so simple (6) , and that precise NHEJ is required for maintaining genomic integrity. Thus, it is mechanistically reasonable to propose that, in addition to its basic mechanism, a subpathway of precise NHEJ exists that can repair DSB with higher fidelity and that there are additional factors that can improve the fidelity of NHEJ (7) . Interestingly, BRCA1, one of the key members of HR, has been suggested to play this accessory role in NHEJ, both in vitro and in vivo (8) (9) (10) . To further delineate the mechanisms underlying this precise NHEJ, the present study was carried out to examine evidence that ataxia telangiectasia mutated (ATM) and checkpoint kinase 2 (Chk2), both regulators of HR, are linked to precise NHEJ. The rationale underlying this hypothesis is that (a) ATM and Chk2 are nuclear protein kinases that have been regarded as primary regulators of HR (11) (12) (13) , the function of which is critical in determining which DSB repair mechanisms are recruited to initiate DSB repair (14) ; (b) both ATM and Chk2 interact physically with BRCA1, resulting in BRCA1 phosphorylation, leading to activation of its repair activity (15, 16) . In the present study, an in vivo plasmid-based assay that can specifically detect precise end-joining activity was used to examine this hypothesis.
residues or forkhead-associated (FHA) domain (FHA-deleted, lacking residues 77-213), or in which Thr 68 or Asp 347 were replaced with alanine [mutants T68A and kinase dead (KD), respectively], or in which some or all of the serine or threonine residues in the seven SQ/TQ motifs of the SCD were mutated to alanine [mutants T68A, S33A/S35A, S19A/T26A/ S28A/S33A/S35A/S50A (indicated as 7A-T68A), S19A/T26A/S28A/S50/T68A (indicated as 7A-S33A/S35A), and S19A/T26A/S28A/S33A/S35A/S50A/T68A (indicated as 7A)] were also constructed. All mutations were generated using the QuickChange Site-Directed Mutagenesis kit (Stratagene) and sequences were confirmed by automatic DNA sequencing (ABI Prism 3700 Genetic Analyzer, Applied Biosystems, Foster City, CA). Transfection of these plasmids and clones into cells was done as described previously using LipofectAMINE 2000 (Invitrogen; ref. 8) .
Immunoblotting. Whole cell extracts were prepared and Western blotting was done as described previously (17, 18) . The antibodies used were rabbit polyclonal anti-Chk2 antibodies and mouse monoclonal antibodies against BRCA1 or myc from Santa Cruz Biotechnology (Santa Cruz, CA), mouse monoclonal anti-ATM antibody (ATM-2C1) from GeneTex (San Antonio, TX), rabbit polyclonal antibodies against phospho-Chk2 (Thr 68 ; 2661), phospho-NBS1 (Ser 343 ; 3001), or phospho-Ser15-p53 or phosphoSer20-p53 (9284 and 9287, respectively) from Cell Signaling Technology (Beverly, MA), and rabbit polyclonal antibodies against p95NBS1 (PC269) or actin (A2066) from Oncogene Research Products (San Diego, CA) or SigmaAldrich (St, Louis, MO), respectively. Bound primary antibodies were detected using either horseradish peroxidase (HRP)-conjugated goat antimouse IgG antibody or HRP-conjugated anti-rabbit IgG antibody (Jackson Immunoresearch, West Grove, PA) and chemiluminescent reagents (Amersham Biosciences, Piscataway, NJ).
Small interfering RNA transfection and irradiation. Transfection with small interfering RNA (siRNA) was done as described previously using OligofectAMINE (Invitrogen) according to the instructions of the manufacturer (8, 18) . The cells were plated at a density of 2 Â 10 5 cells/60 mm dish 1 day before transfection with ATM siRNA (Qiagen, Valencia, CA) or BRCA1 or Chk2 siRNA (8, 18) at respective final concentrations of 0.01, 0.02, or 0.1 Amol/L. Forty-eight hours later, the cells were tested for end-joining activity or were X-ray-irradiated with a single dose of 10 Gy generated by a Torrex 150D inspection system (Perkin-Elmer Life and Analytical Sciences, Boston, MA), harvested after 0.5, 1, or 4 hours, and then the proteins were analyzed by Western blotting with unirradiated cells as controls.
In vivo DNA end-joining assay. The plasmid-based DNA end-joining assay was done as described previously (8, 9) . In brief, plasmid pGL2-control (Promega, Madison, WI) was linearized using either HindIII, which cuts between the promoter and the luciferase cDNA, or EcoRI, which cuts within the luciferase cDNA. After confirmation of linearization by agarose gel electrophoresis, the DNA was extracted with phenol/chloroform, ethanol precipitated, dissolved in sterilized water, and stored in aliquots at À20jC. The linearized or uncut plasmid (0.5 Ag) was mixed with 0.05 Ag of an internal control plasmid, pRL-TK (Promega), and the mixture was used to transfect cells that have been previously transfected for 24 hours with Chk2 or BRCA1 clones and/or siRNAs on a 60 mm dish and reseeded into 24-well plates. At 48 hours posttransfection, firefly and renilla luciferase activities were assayed with the dual luciferase assay system (Promega) and the firefly luciferase activity was normalized to the renilla luciferase activity. Overall end-joining activity was measured by the repair of HindIII-cut pGL2 and precise end-joining activity by the repair of EcoRI-cut pGL2. Transfection with the repair substrates was done using LipofectAMINE 2000 (Invitrogen) following the protocol of the manufacturer. This plasmid-based assay was also done using as substrate the green florescent protein (GFP) vector (pEGFP-N1, Clontech, Palo Alto, CA), which was linearized using either HindIII, a restriction endonuclease cutting between the promoter and the GFP cDNA, or BsrGI, which cuts within the GFP cDNA. This linear plasmid was then transfected into cells using the LipofectAMINE 2000 reagent (Invitrogen) and the transfectants were harvested 48 hours after transfection and GFP intensity was measured using a flow cytometer.
PCR-RFLP to detect end-joining activity. To characterize the repaired product of end-joining, a PCR-RFLP method was used. Plasmid pGL2 containing the luciferase reporter gene was predigested with EcoRI and transfected into cells. If the linearized pGL2 is rejoined precisely, the EcoRI site within the luciferase reporter gene is regenerated, and the PCR product (661 bp) amplified by specific primers flanking the EcoRI site and analyzed in the linear range can then be cut by further EcoRI treatment, yielding small digestion fragments (395 and 266 bp) on agarose gels, which are resolved on 2% agarose gels containing ethidium bromide and quantified by densitometry. The EcoRI-cut fraction was taken as the fraction of precise end-joining.
Results
Knockdown of ATM and Chk2 expression in the MCF-7 breast cancer cell line. To determine whether ATM and Chk2 were involved in promoting BRCA1-mediated precise NHEJ activity, a ''loss-of-function'' strategy involving knockdown of the expression of ATM, Chk2, or BRCA1 in the breast cancer cell line MCF-7 was used, and suppression of expression of the individual genes was confirmed (Fig. 1A) . To determine whether the reduced expression was functionally significant, cell survival following irradiation was examined. As expected, the results of clonogenic assay showed that, compared with cells transfected with scrambled siRNA (negative control), both the ATM-defective and BRCA1-defective cells were hypersensitive to irradiation treatment (Fig. 1B) . Interestingly, the Chk2-defective cells showed no evidence of radiosensitivity, a finding consistent with previous reports (19, 20) . In addition, examination of the phosphorylation status of downstream targets of ATM also indicated successful shutdown of ATM function after ATM siRNA treatment. Compared with cells transfected with scrambled siRNA, in which increased phosphorylation of NBS1, Chk2, and p53 was detected as early as 30 minutes after irradiation, cells transfected with ATM siRNA showed a 90% decrease in ATM expression, resulting in blocking of irradiationinduced phosphorylation of these proteins (Fig. 1C) . Although Chk2-targeting siRNA only inhibited 50% of Chk2 expression, this treatment still abolished the phosphorylation of Chk2 Thr 68 and decreased the phosphorylation of p53 Ser 15 ( Fig. 1D) , two welldefined sites known to be phosphorylated in cells in response to irradiation-induced DSB formation (21) (22) (23) . These results confirmed the successful knockdown of expression of ATM, Chk2, and BRCA1 in these cells, which were then examined for NHEJ activity.
ATM, Chk2, and BRCA1 affect in vivo NHEJ activity. We have previously shown that BRCA1 is involved in in vivo NHEJ (8) . To determine whether ATM and Chk2 were also involved in NHEJ activity, we did a comparative in vivo end-joining assay in control MCF-7 cells and MCF-7 cells individually transfected with ATM siRNA, Chk2 siRNA, or BRCA1 siRNA. Before these assays, we confirmed that the suppression of expression was specific, as measurement of the expression of other DSB repair proteins, including NHEJ pathway proteins (Ku70, ligase IV, and XRCC4), DSB detection/checkpoint protein (NBS1), and a HR pathway protein (RAD51), showed no significant differences (data not shown). To detect end-joining activity in vivo, a HindIII-or EcoRIlinearized pGL2 plasmid containing the luciferase reporter gene was transfected into the cells, the rationale being that the luciferase gene would only be expressed after the plasmid was rejoined as the circular form, and the relative end-joining efficiency was calculated by comparing the luciferase activity in cells transfected with endonuclease-digested DNA with that in cells containing the uncut plasmid ( Fig. 2A) . The end-joining activity detected using HindIIIdigested pGL2 reflects overall end-joining, because this enzyme cleaves at the linker region between the promoter and the coding sequence and any end-joining activity, even that resulting in small deletions or insertions, will regenerate luciferase expression. However, because the EcoRI site is in the luciferase sequence, only precise end-joining will restore the original luciferase, and the relative luciferase activity using this plasmid therefore reflects precise end-joining activity. Consistent with our hypothesis, both the overall and precise end-joining activity of the MCF-7 cells was decreased by transfection with ATM, Chk2, or BRCA1 siRNA (Fig. 2B ). Because the in vivo overall NHEJ is the sum of the precise and nonprecise end-joining activity, we therefore decided to characterize the DSB ends joined at the DNA level. To do so, we used a PCR-RFLP-based method in which cells were transfected with plasmid predigested with EcoRI; if precise rejoining occurs, the EcoRI site is regenerated and a second EcoRI digestion of the PCR product amplified by specific primers flanking the EcoRI site of the luciferase reporter gene ( Fig. 2A ) results in the generation of small molecular weight digestion fragments, whereas imprecise joining results in no EcoRI site and no digestion products. Compared with cells transfected with scrambled siRNA, the proportion of digestion products decreased in cells subjected to ATM, Chk2, or BRCA1 siRNA inhibition (Fig. 2C) , the proportion being lowest for Chk2 (76.5 F 7.1%), followed by ATM (79.0 F 5.4%) and then BRCA1 (84.9 F 0.6%).
To confirm these findings using a different reporter gene, we used the same strategy but with a linearized GFP vector as the repair substrate and did a similar in vivo end-joining assay in HCC1937 cells (BRCA1 deficient) and HCC1937 cells transiently transfected with full-length BRCA1 (BRCA1 restored). The result (Fig. 2D ) was consistent with that using the luciferase reporter gene; the BRCA1-deficient cells regained both overall and precise end-joining activity on transfection with the full-length BRCA1 plasmid and this effect was blocked by ATM siRNA. It should be noted that, in the BRCA1-deficient HCC1937 cells, no decrease in end-joining activity, particularly precise end-joining activity, was observed when the cells were transfected with ATM siRNA, suggesting that the involvement of ATM in regulating NHEJ is BRCA1 dependent. Interestingly, treatment of cells with caffeine, which suppresses the kinase function of ATM and other phosphatidylinositol 3 kinases, had an even greater effect than ATM siRNA (Fig. 2D, right) , suggesting that the kinase activity of ATM is involved in promoting BRCA1-mediated precise NHEJ activity and/or that other phosphatidylinositol-3 kinases are involved.
Promotion of precise end-joining by BRCA1 involves Chk2. Given the findings that Chk2 is involved in NHEJ (Fig. 2B) and that BRCA1-mediated end-joining is associated with the kinase activity of its upstream activators (Fig. 2D) , we suspected that there was a link between these DSB checkpoint/repair proteins, as the function of BRCA1 is highly associated with its phosphorylation status, which can be regulated by ATM and Chk2 (15, 16) . In response to irradiation and subsequent DSB formation, ATM regulates BRCA1 activity by both directly phosphorylating BRCA1 at Ser 1423 and Ser 1524 and indirectly phosphorylating BRCA1 at Ser 988 by activating Chk2 kinase activity. We therefore used a ''gain-offunction'' strategy to restore and measure end-joining activity in BRCA1-deficient HCC1937 cells transiently transfected with fulllength BRCA1 (BRCA1 restored) or in different BRCA1 mutants with mutations at the different phosphorylation sites (S988A, S988E, or S1423A/S1524A; Fig. 3A ). As shown in Fig. 3B (bottom) , precise NHEJ activity was not restored by transfection with BRCA1 S988A, lacking the Chk2-phosphorylatable Ser 988 , but was restored by transfection with wild-type BRCA1 or the mutant S988E, in which the Ser 988 was substituted with an amino acid, Glu, mimicking phosphorylation by Chk2. The double mutant, S1423A/ S1524A, lacking sites phosphorylated by ATM, also restored the activity. Interestingly, not only wild-type BRCA1, but also all the mutants, restored overall NHEJ (Fig. 3B, top) . We then calculated the percentage of restored overall end-joining activity attributed to the restored precise end-joining activity [restored precise endjoining activity / restored overall end-joining activity Â 100%]. As shown in Fig. 3C , as expected, the BRCA1 S988A mutant displayed the lowest value, but, equally importantly, the S988E mutant not Figure 2 . ATM, Chk2, and BRCA1 affect DNA end-joining activity. A, the plasmid, pGL2-control, containing the reporter gene (luciferase gene) and two unique restriction sites for Hin dIII and Eco RI, was transfected into different cell lines to measure overall activity and precise end-joining activity, as described in Materials and Methods. B, percentage of overall (top ) or precise (bottom ) end-joining activity in cells transfected with ATM, BRCA1 , or Chk2 siRNA compared with that in cells transfected with scrambled siRNA (scRNA ) as the control. Columns, mean of at least four replicates; bars, SE. *, P < 0.05, significant difference compared with the control. C, PCR-RFLP method for measuring precise end-joining activity. The DNA of the rejoined linearized pGL2 was amplified by specific primers flanking the Eco RI site, and the PCR products were digested with Eco RI and analyzed by agarose gel electrophoresis as described in only restored the NHEJ activity, but seemed to switch NHEJ to more precise end-joining activity, which accounted for almost 100% of the restored overall end-joining activity. Because Ser 988 is the site specifically phosphorylated by Chk2 (15) , this suggests that Chk2, a cell-cycle checkpoint playing a role in regulating HR (11), promotes BRCA1 mediated precise NHEJ through phosphorylating BRCA1. Furthermore, the phenotype of the BRCA1 S1423A/S1524A double mutant was similar to that of wild-type BRCA1 (Fig. 3B and C) , indicating that direct phosphorylation of BRCA1 by ATM is not important in promotion of end-joining by BRCA1.
The promotion of precise end-joining by Chk2 involves its kinase activity and is associated with phosphorylation of Chk2 by ATM. To confirm the findings in Fig. 3 and to further characterize the mechanisms underlying the involvement of Chk2, we used Chk2 mutants to examine the hypothesis that Chk2 can promote BRCA1-mediated precise NHEJ. Chk2 contains three functional domains: a SCD domain (residues 19-69) containing seven SQ/TQ motifs serving as the primary substrate motif for ATM, a FHA domain (residues 115-175), and a kinase domain (residues 226-486), all three of which are indispensable for the response to DNA damage (see Fig. 4A, top; ref. 24) . The Ser and Thr residues in the SCD are phosphorylation targets for upstream kinases, including ATM, with Thr 68 being the key phosphorylation site (21, 23) . Phosphorylation of Thr 68 promotes Chk2 oligomerization by enhancing the binding of the SCD domain of one Chk2 to the FHA domain of another Chk2, thereby facilitating transautophosphorylation and activation of Chk2 (25, 26) . To further characterize the Chk2-mediated promotion of end-joining activity, we prepared Chk2 mutants with mutations in the individual functional domains. These clones included wild-type Chk2, a KD mutant lacking kinase activity (D347A), a FHA-deleted mutant (lacking residues 77-213), a SCD-deleted mutant (lacking residues 19-75), and several missense mutants in which some or all of the serine or threonine residues in the seven SQ/TQ motifs were mutated to alanine [mutants T68A, 7A-T68A (S33A/S35A, S19A/T26A/S28A/ S33A/S35A/S50A), 7A-S33A/S35A (S19A/T26A/S28A/S50/T68A), and 7A (S19A/T26A/S28A/S33A/S35A/S50A/T68A); Fig. 4A , top]. All these clones were myc-tagged and each was adjusted to the same expression level for subsequent experiments, as confirmed by immunoblotting (Fig. 4A, bottom) .
To examine the role of Chk2 in promoting BRCA1-mediated precise NHEJ, all the Chk2 mutants were individually transfected into BRCA1-expressing MCF-7 cells, in which an intact endogenous Chk2 gene is present. The Chk2-KD and the T68A mutant had no effect on overall end-joining activity (Fig. 4B, top) , but both caused a significant decrease in precise end-joining activity in a dominantnegative fashion and in the percentage of the overall end-joining activity accounted for by precise end-joining activity (Fig. 4B , bottom, and C), a phenotype consistent with that seen after BRCA1 S988A transfection of the BRCA1-defective cell line, HCC1937 (Fig. 3) . These findings confirm that the kinase activity of Chk2 is crucial for its function in promoting the accuracy of BRCA1-mediated NHEJ. Furthermore, loss of Chk2 kinase activity may increase the errorprone repair component of end-joining because overall end-joining was not affected, but the precise end-joining component was reduced ( Fig. 4B and C) , a phenotype in sharp contrast to that of BRCA1 S988E-transfected HCC1937 (Fig. 3) .
It is also notable that the Chk2 S33A/S35A mutant and the 7A-T68A mutant, both of which contained Thr 68 , had effects similar to wild-type Chk2, whereas the 7A-S33A/S35A and 7A mutants, in both of which Thr 68 was mutated to alanine, had effects similar to Chk2 T68A, indicating that the phosphorylation of Chk2 Thr 68 by ATM is critical for the Chk2-mediated promotion of precise end-joining activity (Fig. 4B, bottom) . As expected, because the FHA and SCD domains are involved in the DNA damage response, the Chk2-FHA-deleted and Chk2-SCD-deleted mutants showed significantly decreased overall and precise end-joining activities (Fig. 4B) . More investigations are required to explore how these two domains are involved in regulating NHEJ.
Chk2 participates in DNA end-joining through BRCA1. In view of the finding that Chk2-mediated BRCA1 phosphorylation Figure 3 . Regain of end-joining activity in BRCA1-defective HCC1937 cells after transfection with BRCA1. A, immunoblot analysis of BRCA1 -defective HCC1937 cells after transient transfection with wild-type BRCA1 (WT ), BRCA1 mutants with mutations at the sites phosphorylated by Chk2 (i.e., S988A and S988E) or by ATM (S1423A/1524A), or vector (negative control). B, regain of overall (top ) and precise (bottom ) end-joining activities. C, percentage of the regained overall end-joining activity due to precise end-joining. Columns, mean of at least four experiments; bars, SE. *, P < 0.05, significantly different from the negative control (i.e., transfection with vector).
is critical in the promotion of precise end-joining mediated by BRCA1, we further examined whether BRCA1 is a mediator of Chk2-regulated precise NHEJ in an experiment in which cells were cotransfected with wild-type or mutant forms of both genes. For this purpose, BRCA1-expressing MCF-7 cells were transfected with the BRCA1 S988A or S988E mutant alone or together with myctagged wild-type Chk2 or Chk2-KD, the expression of the BRCA1 mutants and exogenous Chk2 (i.e., myc-Chk2) being almost identical in all cells (Fig. 5A) . As expected, regardless of the genotypic status of Chk2, a significantly higher activity of both overall and precise end-joining was seen in the BRCA1 S988E mutant-expressing cells than in the S988A mutant-expressing cells (Fig. 5B and C) . In contrast, the dominant-negative effect displayed by the Chk2-KD mutant (shown in Fig. 4B , bottom, and C) was overcome by the BRCA1 S988E mutant; however, the dominant negative effect of the BRCA1 S988A mutant was not overcome by wild-type Chk2 (Fig. 5B and C) . Although the effect of wild-type BRCA1 was not examined in the present study, this finding strongly suggests that Chk2 is involved in promoting precise end-joining activity through phosphorylation of its downstream target, BRCA1, at Ser 988 . Moreover, wild-type Chk2 significantly increased the overall end-joining activity in BRCA1 S988E-expressing cells (Fig. 5B) . This implies that, in addition to phosphorylating BRCA1, Chk2 may participate in NHEJ by regulating other NHEJ-associated proteins.
The promotion of accuracy of end-joining by BRCA1 is regulated by ATM. Given the above findings that ATM is associated with NHEJ ( Fig. 2) and that Chk2 plays a role in regulating BRCA1-mediated precise NHEJ (Figs. 3-5 ) and given the fact that ATM plays a sensor role in DSB repair (27) , we examined the relationship between ATM, Chk2, and BRCA1 in regulating NHEJ. Because equal transfection efficiency of all these genes would be a key issue in obtaining reliable results, we chose 293T cells (an embryonic kidney cell line) in which the expression of these proteins are comparable when transfected with ATM siRNA or different BRCA1 clones (Fig. 6A) .
In terms of the effects of BRCA1 in 293T cells in the absence of ATM siRNA, overexpression of wild-type BRCA1, different from that observed in HCC 1937 obtaining wild-type BRCA1 (Fig. 3B, top) , significantly decreased overall end-joining activity, but consistent with that observed in HCC1937 with BRCA1 (Fig. 3B, bottom) , significantly increased precise end-joining activity (Fig. 6B) , resulting in an increase in the percentage of overall end-joining activity due to precise end-joining activity (Fig. 6C) . Under the same conditions, transfection with BRCA1 S988E, but not S988A, significantly increased precise NHEJ (Fig. 6B) , which accounted for 70% of the overall end-joining activity (Fig. 6C) . These findings are consistent with our previous findings using different cell lines (Figs. 3-5 ), again suggesting that BRCA1 can promote precise NHEJ and that the effect of BRCA1 is regulated by Chk2 phosphorylation.
Knockdown of ATM expression resulted in a decrease in precise NHEJ in cells with an intact BRCA1 gene (Fig. 6B, bottom) , suggesting that a decrease in ATM expression inhibits the effect of wild-type BRCA1 in promoting precise end-joining activity. However, the results also showed that a decrease in ATM expression Figure 4 . The dominant effect of different mutants of Chk2 on DNA end-joining activity. A, top, different Chk2 mutants with mutations in three functional domains of Chk2, the FHA domain, the SCD domain containing seven SQ/TQ motifs serving as the primary substrate motif for ATM, and the kinase domain, were generated and used to transfect MCF-7 cells. Bottom, immunoblot analysis of transfected myc-tagged Chk2. B, in vivo overall (top ) or precise (bottom ) end-joining activity. C, percentage of the overall end-joining activity due to precise end-joining. Columns, mean of at least four experiments; bars, SE. *, P < 0.05, significantly different compared with the negative control (i.e., transfection with vector). Research.
on April 14, 2017. © 2006 American Association for Cancer cancerres.aacrjournals.org Downloaded from had no effect on precise end-joining activity in BRCA1 S988A-expressing cells (Fig. 6B, bottom) . These findings suggest that ATM participates in regulating the promotion of precise end-joining mainly via the Chk2-BRCA1 pathway. However, unexpectedly, ATM siRNA also prevented the effect of the BRCA1 S988E mutant in promoting precise end-joining activity (Fig. 6B and C) , suggesting that ATM participates in BRCA1-dependent precise NHEJ by regulating not only Chk2 phosphorylation, but also other undefined proteins. In fact, ATM siRNA affected overall NHEJ in BRCA1 S988E-expressing cells (Fig. 6B, top) , consistent with the idea that the BRCA1-mediated promotion of end-joining requires other undefined proteins, the activation of which is dependent on ATM kinase activity. Furthermore, in the absence of ATM siRNA, the BRCA1 S1423A/S1524A double mutant showed a dominant negative effect causing a significant decrease in endjoining activity in 293T cells (Fig. 6B) , suggesting a direct role of ATM in regulating end-joining via BRCA1, but this suggestion is different from that based on observation in HCC1937 (Fig. 3B) . These findings suggest that, in different cells, the requirement for, and dependency on, ATM in directly regulating NHEJ may be not totally the same.
In cells in which ATM expression had been turned off, wild-type BRCA1 or the BRCA1 S988A mutant significantly increased precise NHEJ (Fig. 6B and C) , suggesting the existence of other mechanisms in promoting precise NHEJ, in addition to the ATMChk2-BRCA1 pathway examined in the present study. This is supported by the findings that reduced expression of ATM alone did not reduce the irradiation-induced phosphorylation of Chk2 Thr 68 and P53 Ser 20 in 293T cells (Fig. 6D) . Moreover, transfection with either ATM siRNA or Chk2 siRNA alone had only a minor, or no, inhibitory effect on irradiation-induced P53 Ser 15 phosphorylation, a result in sharp contrast with that found in cells in which expression of both ATM and Chk2 was turned off (Fig. 6D) .
Discussion
Previous phenotypic studies on the role of BRCA1 in the regulation of NHEJ processes have yielded conflicting observations ranging from a promotion of NHEJ to suppressive effects to no effect (8) (9) (10) (11) (28) (29) (30) (31) (32) (33) (34) (35) . The lack of consistency between these results may be, at least partly, explained by the use of different cell lines and different assays. The assays used include in vivo end-joining (8, 9, 28, 29) , in vitro end-joining (8, 10, 28, 33) , NHEJ-mediated random chromosomal integration (11, 31, 32) , irradiation-induced DSB repair (30, 34) , NHEJ-mediated retroviral infection (9) , and NHEJ-mediated T-cell receptor V(D)J recombination (35) , which may measure different subtypes of NHEJ (36) . In the present study, we used three cell lines with two different tissue origins to confirm our findings. Interestingly, another study (37) using a different NHEJ assay reports findings consistent with our own, validating the conclusion that Chk2-mediated phosphorylation of BRCA1 regulates the fidelity of DNA end-joining by promoting precise endjoining.
The question of how HR and NHEJ are coordinated to repair DNA DSBs is of particular interest. It has been proposed that the two pathways act in competition with each other by suppressing the expression or function of the proteins of the other pathway (38) (39) (40) . A recent study showing that the two pathways depend on different DSB sensor proteins to recognize the presence of DNA DSB, then trigger the activity of different protein kinases, further activating a series of different downstream effectors (14) , seems to favor this ''competition'' possibility. However, the possibility that the two pathways act in concert to repair DSBs cannot be totally excluded. In animal model studies, mice with defects in both HR and NHEJ display synthetic phenotypes of viability and tumorigenic potential and a synergistic effect of these genes on genomic stability, suggesting that these two repair pathways cooperate in DSB repair (41, 42) . Our findings provide clues to resolve these inconsistencies and we propose the possibility that more than one NHEJ mechanism exists (36, 43) and that HR regulators, including ATM, Chk2, and BRCA1 (11-13, 31, 44) , are required in some of these. As shown in the present study, the dependence of overall NHEJ and precise NHEJ on ATM, Chk2, and BRCA1 is condition specific, and these proteins have different effects on precise or overall end-joining activities. In particular, ATM-activated, Chk2-phosphorylated BRCA1 was shown to be important in promoting precise end-joining activity, a finding consistent with the notion that the HR-regulatory proteins, ATM and Chk2, act jointly to regulate the activity of BRCA1 in controlling the fidelity of DNA end-joining by precise NHEJ. Furthermore, it is notable that the DNA DSB ends generated by restriction enzyme digestion in the present study are only one of many forms of DSB ends formed in vivo, and it is likely that different forms of DSB ends may trigger different types of end processing involving different DSB repair proteins and subpathways.
Our findings that BRCA1 is involved in both overall and precise end-joining activities and that phosphorylation of BRCA1 by the ATM-Chk2 pathway specifically promotes precise endjoining are of particular importance. These findings yield crucial insights into possible mechanisms underlying the interactions between these HR regulators and NHEJ. To provide a possible explanation, we will consider the contribution of the MRE11-RAD50-p95/NBS1 (MRN) complex. When cells are subjected to ionizing radiation, wild-type BRCA1 binds to the MRN complex (45) , which, in particular p95/NBS1, was recently shown to play a crucial role in DNA DSB repair by recruiting ATM to DSB sites, leading to activation of this DNA repair network (14, 46, 47) . In addition, the MRN complex is involved in the initial processing of DSBs due to its nuclease activity and DNA binding capability (48, 49) . These activities reside in the Mre11 protein, which is required to trim the ends of DSBs, thus facilitating DSB repair, especially HR, by producing the overhanging DSB ends required for efficient HR (3, 4) . However, as BRCA1 has been shown to inhibit the nuclease activity of Mre11 (50) , and Chk2 phosphorylates BRCA1, leading to inhibition of MRN complex foci formation (11), it is possible that this inhibition is required for precise end-joining, because exonuclease digestion would result in the loss of nucleotides, leading to imprecise NHEJ if these digested ends were rejoined directly (a possible model is shown in Supplementary  Fig. S1 ). Interestingly, another study (37) , showing that error-prone rejoining is characterized by an increase in the formation of >2 kb deletions in DSB repair by NHEJ in BRCA1-deficient cells and that this error-prone repair phenotype is linked to Chk2 phosphorylation, lends critical support to this model. Furthermore, our epidemiologic observations on the same group of study subjects have shown that genotypic polymorphisms of the NHEJ, HR, and MRN genes are associated with breast cancer development (6, 51), suggesting that functional links between these DSB checkpoint/ repair genes and pathways may jointly determine susceptibility of tumor formation.
Through its involvement in DNA DSB repair, the NHEJ pathway plays an important role in maintaining genomic stability. However, there is currently no evidence for an association between familial cancer syndromes and the NHEJ pathway. We propose a ''hide-then-hit'' hypothesis, suggesting that, because this pathway is so crucial for mammalian cells to maintain genomic stability, any severe defects in it would result in serious outcomes, such as genomic instability and cell death, and block of subsequent cell outgrowth and tumor formation (6) . Thus, only subtle defects arising from low-penetrance alleles would escape lethality and accumulate the essential genetic changes and be associated with cancer formation. Support for this hypothesis of a role of the NHEJ pathway in cancer development comes from our recent study (8) , based on comprehensive NHEJ gene profiling, which showed a novel association between certain genetic polymorphisms of NHEJ genes and increased breast cancer risk. Interestingly, the breast cancer risk associated with genetic polymorphisms of the NHEJ genes was found to be modified by the BRCA1 genotype. Providing mechanistic support for this observation, we have shown that BRCA1 expression is also causally linked to in vitro and in vivo precise end-joining activity, which are higher in BRCA1-expressing cells than in cells with defective BRCA1 expression (8) . Because BRCA1 is a welldocumented breast cancer gene, this association between NHEJ and BRCA1 provides essential support for the role of NHEJ in breast cancer. An important concept underlying this finding is that, as our understanding of tumorigenesis is extended from single-gene mechanisms to multigenic or to etiologic pathwaywide networks, the consideration of whether there is a causal link between a putative cancer-associated gene and tumor development might be extended to whole tumorigenic networks (8) . Given this revised concept, it is becoming increasingly important to understand the functional interactions between NHEJ activity and ATM, Chk2, and BRCA1 identified in the present study. Because ATM and Chk2 are also known cancer susceptibility genes, these identified interactions are critical evidence for a tumorigenic role of the NHEJ genes.
